Background and objectives: Multidrug-resistant gram-negative bacteria are rapidly spreading throughout the world. The epidemiology of multidrug-resistant gram-negative bacteria in patients who require chronic hemodialysis has not been previously studied.
R
ates of antibiotic-resistant bacteria are among the highest in patients who require chronic hemodialysis (1) . Vancomycin-resistant enterococci (VRE) and methicillin-resistant Staphylococcus aureus (MRSA) are among the antimicrobial-resistant bacteria that have been intensely investigated in this patient population (1) (2) (3) . In the past few years, however, a concerning increase in the prevalence of infections caused by multidrug-resistant gram-negative bacteria (MDRGN) has been documented in other patient populations (4 -6) . Infections that are caused by these MDRGN are associated with up to five times higher mortality rates compared with infections that are caused by susceptible gram-negative bacteria (7) . Among chronic hemodialysis patients, approximately 25% of blood stream infections are caused by gram-negative bacteria (8) , and this percentage is increasing steadily (9) . Despite these rising rates, antimicrobial resistance among gram-negative bacteria has not been previously investigated in the population of those who undergo chronic hemodialysis.
A prospective surveillance study was therefore performed to describe the clinical epidemiology of MDRGN among patients who require chronic hemodialysis. The goals of this study were (1) to determine the percentage of chronic hemodialysis patients who are colonized with MDRGN and compare these rates with VRE and MRSA colonization, (2) to identify the risk factors that are associated with MDRGN colonization, and (3) to determine the mechanism of MDRGN acquisition. For achieving these goals, cultures were obtained at three intervals from patients who were receiving chronic hemodialysis at an outpatient unit to determine whether they were colonized with MDRGN, VRE, or MRSA at enrollment and whether they acquired these antimicrobial-resistant bacteria over time. To understand the transmission dynamics of these antimicrobialresistant bacteria and identify clonal spread, we performed DNA fingerprinting using pulsed-field gel electrophoresis (PFGE).
Materials and Methods
The study was performed at an outpatient hemodialysis unit affiliated with Caritas St. Elizabeth Medical Center from March 1, 2005 , to September 1, 2005 . The unit has 16 beds centered around a nursing station and one isolation room. Each hemodialysis nurse provided care to two patients during each 3-to 4-h hemodialysis shift, with one circulating nurse supervisor. Infection control precautions for patients who were known to be colonized with VRE or MRSA followed the Centers for Disease Control and Prevention guidelines (10) . There were no specific precautions for patients who were colonized or infected with MDRGN. During the study period, 85 patients received chronic hemodialysis at this unit. After obtaining approval from the study institution's internal review board, all patients who were receiving chronic hemodialysis at the study site were approached for study participation.
Definitions
Multidrug resistance among gram-negative bacteria was defined as resistance to three or more of the following antimicrobials: Ceftazidime, ciprofloxacin, meropenem, gentamicin, ampicillin/sulbactam, or piperacillin/tazobactam. These antimicrobial were chosen because they are commonly prescribed by physicians.
Patient acquisition of MDRGN was defined as a patient in whom MDRGN was not recovered from any specimens that were collected at baseline but was recovered during one or more follow-up cultures. Endogenous MDRGN acquisition, implying emergence of multidrug resistance from a previous non-MDRGN strain, was defined as recovery of a non-MDRGN at enrollment among patients who acquired MDRGN. The non-MDRGN was required to be of the same species and have the identical PFGE pattern as the acquired MDRGN (11).
Specimen Collection
Specimens were collected from each patient at study enrollment and after approximately 2 and 4 mo after enrollment, during two follow-up periods. Specimens from the rectum, nares, and skin (a 5 ϫ 5-cm area in the jugulodigastric and inguinal region) were obtained using Starplex cotton swabs (Etobicoke, ON, Canada) for the detection of VRE, MRSA, and MDRGN. One swab was used for both skin sites. For the rectal specimen, two swabs were collected. The first swab was processed for the identification and susceptibility testing of MDRGN and VRE as outlined next. The second swab was frozen and stored at Ϫ70°C for future recovery of non-MDRGN isolates to determine whether endogenous acquisition of MDRGN had occurred in patients with a positive follow-up culture for MDRGN.
Environmental cultures were obtained from a 5 ϫ 5-cm area of the patient's dialysis machines (dialysis control screen) and over the arm rest of his or her chair during the patient's hemodialysis shift at enrollment and during the two follow-up periods using a Straplex cotton swab. Only one swab was used for both environmental sites. All specimens were sent to the microbiology laboratory and processed within 24 h of collection.
Data Collection
Medical charts were reviewed for patient demographic data, comorbidities, underlying renal disease, and residency in a long-term care facility (LTCF). The Charlson score was used to provide a composite score of comorbid conditions (12) . A nonambulatory status, fecal incontinence, and presence of a draining wound or colostomy were prospectively recorded during the study. Data on antibiotic and hospital exposure Ն7 d in the previous 3 mo before enrollment were also collected. During the period between enrollment and each follow-up period, potential factors that would increase the likelihood of MDRGN acquisition were also collected, including antibiotic and hospital exposure, as defined previously, presence of a new wound or colostomy, and fecal incontinence.
Microbiological Methods
Identification and Susceptibility Testing. For identification of MDRGN, skin and rectal swabs were inoculated in 2% thyoglycolate broth and incubated at 35°C. Specimens with evidence of growth within 24 to 48 h were streaked onto two MacConkey agar plates supplemented with 2 g/ml levofloxacin and 2 g/ml ceftazidime each and incubated again at 35°C. Supplementation with low concentrations of these antimicrobials prevented the growth of antimicrobialsusceptible gram-negative bacteria. After 24 to 48 h, gram-negative colonies were subcultured onto MacConkey agar to isolate pure colonies, and species identification was performed using API-Rapid Strep Strips (bioMerieux Vitex, Durham, NC), according to the manufacturer's instructions. Antibiotic susceptibility testing was performed by the disk diffusion susceptibility testing and interpreted according to Clinical and Laboratory Standards Institute guidelines for each species (13) .
For identification of VRE, skin and rectal swabs were also plated onto colistin and nalidixic acid media supplemented with 8 g of vancomycin and incubated for 24 to 48 h at 35°C. Enterococci isolates were identified according to standard microbiology procedures (14) , and vancomycin resistance was determined by agar dilution method, using an minimum inhibitory concentration Ն8 g/ml as the cutoff for vancomycin resistance.
For identification of MRSA, nasal swabs from each patient were plated on mannitol salt agar (Becton-Dickinson, Sparks, MD) and incubated for 24 h at 35°C. Colonies with morphology, gram stain, and catalase results suggestive of Staphylococcus aureus were confirmed by Staphaurex Plus rapid agglutination test (Remel, Lenexa, KS). Susceptibility to oxacillin was performed according to Clinical and Laboratory Standards Institute guidelines (15) assessing growth on Mueller-Hinton agar supplemented with 4% NaCl and 6 g/ml oxacillin after incubation for 24 h at 35°C. Environmental samples were processed for MRSA, VRE, and MDRGN as outlined here.
Among patients who acquired an MDRGN, the frozen specimens that were obtained at enrollment were thawed and streaked onto unsupplemented MacConkey agar to isolate non-MDRGN. When the same species of gram-negative bacterium was recovered as the acquired MDRGN, PFGE was performed on these isolates.
Molecular Typing
For determination of the genetic relatedness of strains, PFGE was performed on all MDRGN, VRE, and MRSA isolates recovered from patients and the environment, as described previously (11, 16) . Criteria for interpretation followed standard guidelines (17) .
Statistical Analyses
Categorical variables and continuous variables, dichotomized at the mean, were analyzed using the 2 test. Statistical significance was defined as a two-sided P Յ 0.1 in univariate analysis and a two-sided P Յ 0.05 in multivariable analysis. Variables that were statistically significant on univariate analysis were included in a multivariable model. For determination of the independent risk factors associated with harboring MDRGN at enrollment (prevalence), a stepwise logistic regression model was created. Potential interaction terms to evaluate effect modification were also analyzed. To determine independent risk factors associated with MDRGN acquisition, patients who acquired an MDRGN during the follow-up period were matched to two patients who did not acquire MDRGN at any time during the follow-up period.
For controlling for the time at risk for acquiring a MDRGN, cases were matched to controls for period at risk (number of days from enrollment to first positive follow-up cultures for cases, and number of days from enrollment to a negative follow-up culture for controls). Statistically significant variables on univariate analysis were included in a conditional logistic regression model. Statistical analysis was performed in STATA 7.0 (Stata Corp., College Station, TX).
Results

Prevalence of Antimicrobial-Resistant Bacteria
A total of 67 (79%) of 85 patients who received outpatient hemodialysis agreed to study participation and provided written informed consent. A total of 172 cultures were obtained at enrollment: 23 (34%) and six (9%) patients refused rectal and nares specimens, respectively.
Among the 67 patients for whom at least one site was cultured, 19 (28%) were colonized with one or more antimicrobialresistant bacteria at study enrollment. A total of 11 (16%), nine (13%), and three (5%) patients were colonized with MDRGN, VRE, and MRSA, respectively ( Figure 1 ). Among patients who were colonized with MDRGN, four (36%) were co-colonized with VRE (three patients) and MRSA (one patient). Ten (91%) of the 11 MDRGN isolates were recovered from rectal cultures. The remaining MDRGN was recovered from a skin specimen.
The species of MDRGN were as follows (number of isolates): Citrobacter species (n ϭ 3), Klebsiella species (n ϭ 3), Enterobacter species (n ϭ 3), Escherichia coli (n ϭ 1), and Pseudomonas aeruginosa (n ϭ 1). Resistance to individual antibiotics among MDRGN isolates was as follows (percent of isolates): ampicillin/sulbactam (100%), ceftazidime (83%), piperacillin/tazobactam (75%), ciprofloxacin (58%), meropenem (25%), and gentamicin (17%). Six different co-resistant patterns were identified. The most common pattern was co-resistance to three antimicrobials (ceftazidime, ciprofloxacin, and ampicillin/sulbactam), present among three MDRGN isolates. Two co-resistance patterns to five different antimicrobials were identified among three (25%) MDRGN isolates: Two isolates were co-resistant to ceftazidime, gentamicin, meropenem, piperacillin/tazobactam, and ampicillin/sulbactam, and one isolate was co-resistant to ceftazidime, ciprofloxacin, meropenem, piperacillin/tazobactam, and ampicillin/sulbactam.
A total of eight of the 11 patients who were colonized with MDRGN at baseline had one or more follow-up cultures. The same species of MDRGN, which was identified at baseline, was also recovered from follow-up cultures among three (37.5%) patients.
Risk Factors for MDRGN Colonization
Demographics and clinical characteristics of patients with and without MDRGN colonization are presented in Table 1 . More than 25 different diagnoses of underlying renal disease were documented, the most common of which was diabetic nephropathy, present in 22% of patients. Only two patients had fecal incontinence, and none had a colostomy. On logistic regression, antibiotic exposure Ն7 d in the previous 3 mo (odds ratio [OR] 5.7; 95% confidence interval [CI] 1.2 to 27.1; P ϭ 0.03) and residence in an LTCF (OR 7.8; 95% CI 1.6 to 37.1; P ϭ 0.01) were independently associated with MDRGN colonization.
Acquisition of Antimicrobial-Resistant Bacteria
A total of 55 (82%) patients had one or more sets of follow-up cultures: 50 (75%) patients during the first follow-up surveillance cultures and 55 (82%) patients during the second set of follow-up cultures. Twenty-two (40%) of the 55 patients for whom at least one set of follow-up cultures was obtained acquired one or more antimicrobial-resistant pathogens. A total of 11 (20%) patients acquired MDRGN, eight (15%) acquired VRE, and seven (13%) acquired MRSA de novo (Figure 1 ). Two patients acquired both VRE and MRSA, and three patients acquired both MRSA and MDRGN. Five, four, and two MDRGN were recovered from rectal, skin, and nares cultures, respectively.
The species of acquired MDRGN were as follows (number of isolates): Enterobacter species (n ϭ 5), E. coli (n ϭ 2), Citrobacter species (n ϭ 2), Providencia species (n ϭ 1), and Hafnia species (n ϭ 1). Resistance to individual antibiotics was as follows (percentage of isolates): ampicillin/sulbactam (100%), ceftazidime (91%), piperacillin/tazobactam (82%), ciprofloxacin (18%), gentamicin (9%), and meropenem (0%). Figure 2 shows the percentage of MDRGN isolates to individual antimicrobials among all 23 MDRGN isolates (those recovered at enrollment and on follow-up cultures). Among the acquired MDRGN, three different three-drug-resistant patterns were identified, the most common of which was resistance to ceftazidime, piperacillin/tazobactam, and ampicillin/tazobactam (nine isolates).
Risk Factors for Acquisition of MDRGN
Eleven case patients were matched to 22 control subjects by period at risk for acquiring an MDRGN (number of days from first culture obtained at enrollment and first positive follow-up culture for MDRGN among case patients, and negative follow-up culture for control subjects). On univariate analysis, patients who acquired MDRGN were more likely to have diabetes, a draining wound at enrollment, and exposure to antibiotics during the follow-up period (days between the first negative cultures obtained at baseline and the first positive culture for MDRGN; Table 2 ). No patients had a colostomy or change in ambulatory status during the follow-up period. Only one case patient had fecal incontinence, and three patients (two case Figure 1 . Percentage of patients who were colonized with antimicrobial-resistant bacteria at study enrollment and percentage of patients who were not colonized at baseline and acquired an antimicrobial-resistant bacterium during a 6-mo follow-up period. ARB, antimicrobial-resistant bacteria; MDRGN, multidrug-resistant gram-negative bacteria; MRSA, methicillin-resistant Staphylococcus aureus; VRE, vancomycin-resistant enterococci.
patients and one control subject) were admitted to an LTCF during the follow-up period. On conditional logistic regressing, antibiotic exposure for Ն7 d during the follow-up period was the only independent risk factor associated with acquisition of an MDRGN (OR 5.3; 95% CI 1.1 to 27; P ϭ 0.04).
Endogenous Acquisition of MDRGN
Among the 11 patients who acquired MDRGN, two had only nasal and skin cultures obtained at baseline. Because only rectal specimens were saved and frozen, baseline cultures were not available for these two patients. Among the nine patients for whom baseline frozen specimens were available, non-MDRGN of the same species as the acquired MDRGN was recovered from baseline specimens among seven (78%) patients. Six (69%) of the non-MDRGN and MDRGN isolate pairs were indistinguishable by PFGE (data not shown).
Environmental Contamination
A total of 172 environmental cultures were collected (one swab for two sites per patient per follow-up period [67 at baseline and 50 and 55 during the first and second follow-up periods, respectively). Antimicrobial-resistant bacteria were isolated from 16 
Molecular Typing of Antimicrobial-Resistant Bacteria
The PFGE patterns of the five acquired MDR-Enterobacter species and the two MDR-Citrobacter species isolates differed by seven or more bands and were considered genetically unrelated. The two MDR-E. coli isolates were also unrelated to each other and to the one strain of MDR-E .coli recovered from environmental cultures. All eight acquired VRE isolates were unrelated to each other. Environmental contamination with the same VRE strain that colonized a patient was detected among two (12%) of a total of 17 patients who were colonized with VRE either at enrollment or at follow-up. Among the acquired MRSA isolates, six of the seven strains had indistinguishable PFGE patterns and were considered genetically related (data not shown).
Discussion
To the best of our knowledge, this is the first study to document the emerging threat of MDRGN among chronic hemodialysis patients with rates of both MDRGN colonization at enrollment and acquisition surpassing those of VRE and MRSA. In this study, MDRGN were recovered from 16% of chronic hemodialysis patients at enrollment, compared with 13 and 5% of patients with VRE and MRSA, respectively. The percentage of patients who acquired an antimicrobial-resistant bacterium during the study period was also substantial. A total of 40% of patients acquired at least one new antimicrobialresistant pathogen during the 4-mo study period. Acquisition of MDRGN was the highest with 20% of patients becoming colonized de novo, compared with 15 and 13% of patients acquiring VRE and MRSA, respectively. These findings have important implications, because current measures aimed at preventing the spread of antimicrobial-resistant bacteria have focused on VRE and MRSA (10) . Although this study did not address infections that are caused by MDRGN, colonization is a necessary prerequisite for subsequent infection. Translocation of MDRGN across the intestinal wall into the blood stream and fecal contamination of vascular devices lead to infections (18, 19) . Thus, patients who are colonized with MDRGN are at greater risk for subsequently developing an infection with these bacteria. In one study, 15% of hospitalized patients who were colonized with MDRGN developed a bacteremia caused by the same colonizing strain of MDRGN (20) . The co-resistance to multiple antimicrobials among MDRGN severely limits the therapeutic options that are available to physicians for treating infections that are caused by MDRGN. In this study, a great majority of MDRGN were resistant to broad-spectrum antimicrobials, with 100% resistant to ampicillin/sulbactam, 83% resistant to ceftazidime, and 78.5% resistant to piperacillin/tazobactam. Of even greater concern is the finding that 25% of MDRGN recovered from patients at enrollment were resistant to five different antimicrobial groups.
The subgroup of chronic hemodialysis patients who were at highest risk for harboring MDRGN at enrollment were patients who resided in an LTCF and those with antibiotic exposure in the previous 3 mo. Recent data support that residents of LTCF are among the major reservoirs of MDRGN and substantially contribute to the influx of MDRGN into the hospital setting (5,21-23 ). Dialysis initiation among the elderly is rapidly rising, with the greatest increase among octogenarians (24) . It is therefore likely that the number of patients who require chronic hemodialysis and reside in an LTCF will also increase, providing further opportunities for the emergence and spread of MDRGN among this patient population.
Acquisition of antimicrobial-resistant gram-negative bacteria can occur through two mechanisms (11) . Exogenous acquisition occurs through patient-to-patient spread through contaminated health care workers or environmental surfaces, similar to the transmission dynamics of VRE and MRSA. A second mechanism of acquisition is through endogenous acquisition. This term refers to the emergence of resistance in a previously susceptible gram-negative bacterium through antimicrobial pressure. In this study, 69% of MDRGN were acquired via the endogenous route. The documentation of antibiotic exposure as a risk factor for acquisition and the absence of environmental contamination with MDRGN further support this route of acquisition. In contrast, the clonality of MRSA strains in this study suggests exogenous transmission between patients. Clonal spread of VRE within the dialysis unit was not detected. Acquisition of VRE among these patients may have occurred during a previous hospitalization, a setting that has been frequently implicated in VRE spread between dialysis patients (2, 16, 25) .
There are several limitations of this study that warrant further discussion. First, 34% of patients refused rectal cultures and had cultures obtained only from the nares or skin. Thus, colonization with antimicrobial-resistant bacteria may have been underestimated. Similarly, if colonization at enrollment was not detected, then the rate of acquisition may have been overestimated. Obtaining serial specimens over multiple days may have increased the accuracy of detecting colonization. Second, for limiting the number of specimens, only a subset of environmental surfaces were sampled and With the emergence of MDRGN throughout the world, health care institutions are now faced with developing preventive strategies aimed at limiting their spread. In the hospital setting, certain institutions place patients who harbor MDRGN on contact precautions and require active surveillance when an outbreak is detected (27) . In this study, the role of antimicrobial exposure emphasizes the ongoing need to use antibiotics judiciously.
There is a need for substantial future research focusing on the epidemiology of MDRGN in the outpatient dialysis unit. Because the majority of studies have focused on infections that are caused by gram-positive bacteria, especially VRE and MRSA, a first step would require future studies also to focus on infections that are caused by gram-negative bacteria and report their antimicrobial susceptibility profile.
